1. Introduction {#sec1-brainsci-10-00223}
===============

Emotion generation and regulation shape our perception, cognition, and behavior. Emotion regulation refers to a variety of regulatory processes, either explicit or implicit, involving the physiological, expressive, and experiential components of emotion that permit the selection and implementation of appropriate responses to the environment. Adaptive emotion regulation strategies characterize healthy behavior whereas impairment in experiencing and regulating emotion often leads to psychopathological disorders \[[@B1-brainsci-10-00223]\]. Increasing evidence shows that regulation of affective responses is associated not only with the activity of cortical brain networks \[[@B2-brainsci-10-00223],[@B3-brainsci-10-00223]\] but also involves phylogenetically older regions in the brainstem \[[@B4-brainsci-10-00223],[@B5-brainsci-10-00223],[@B6-brainsci-10-00223]\]. A considerable amount of data from brain lesions, neural recordings, and neuroimaging studies demonstrates that mesencephalic regions and other brainstem regions participate in emotion generation and regulation \[[@B7-brainsci-10-00223],[@B8-brainsci-10-00223],[@B9-brainsci-10-00223]\]. For instance, the ventral tegmental area (VTA)/substantia nigra (SNG) complex exerts an important modulatory function of autonomic, emotional, and motivational responses through ascending dopaminergic nigrostriatal and mesocorticolimbic pathways \[[@B10-brainsci-10-00223],[@B11-brainsci-10-00223]\]. In addition, the periaqueductal grey (PAG), a mesencephalic region strongly involved in fear responses \[[@B12-brainsci-10-00223]\], would also mediate emotional behavior through stimulus salience processing \[[@B5-brainsci-10-00223],[@B13-brainsci-10-00223]\].

To date, the specific contribution of brainstem areas to emotion generation and regulation in humans remains elusive and not sufficiently investigated. However, it has been shown that a first level of integrated representation of sensory, motor, and modulatory signals related to emotional behavior occurs at this level \[[@B8-brainsci-10-00223],[@B14-brainsci-10-00223]\]. Further integration of body signals is then vertically operated in subcortical and cortical level systems such as the thalamus and the insular cortex. Notably, ascending pathways from the brainstem to the anterior insula (AI) have been proposed to mediate socio-affective behavior \[[@B15-brainsci-10-00223]\] and interoception \[[@B16-brainsci-10-00223]\]. In fact, the midbrain and anterior insula, two important nodes of the so-called salience network (SN) \[[@B17-brainsci-10-00223]\], regulate homeostasis and core affect generation \[[@B2-brainsci-10-00223],[@B6-brainsci-10-00223]\]. Specifically, the SN, also including the dorsomedial prefrontal cortex, the ventral striatum, and the VTA/SNG complex, primarily contributes to both exogenous and endogenous emotion generation \[[@B2-brainsci-10-00223],[@B6-brainsci-10-00223]\].

Neuroimaging studies grounding on appraisal models of emotion emphasize a major role of forebrain regions, such as the lateral and medial prefrontal cortex and the anterior cingulate cortex, for cognitive emotion regulation, but the contribution of other regions such as the parietal cortex, insula, amygdala, and striatum is also observed \[[@B18-brainsci-10-00223],[@B19-brainsci-10-00223],[@B20-brainsci-10-00223],[@B21-brainsci-10-00223],[@B22-brainsci-10-00223]\]. The midbrain and other brainstem regions despite their clear involvement in emotion generation are usually not included in the emotion regulation network. In addition, reinforcement learning accounts of emotion regulation \[[@B23-brainsci-10-00223]\] also postulate that the midbrain would support regulatory processes by mediating dopaminergic prediction error signals resulting from the mismatch between expected and actual emotional state \[[@B24-brainsci-10-00223],[@B25-brainsci-10-00223]\]. Nevertheless, clear evidences on the role of upper mesencephalic regions in the regulation of affective states are still lacking.

In addition to the cognitive approach to emotion regulation, an alternative method consists in regulating emotion guided by online feedback of the BOLD signal magnitude in relevant brain circuits \[[@B26-brainsci-10-00223],[@B27-brainsci-10-00223]\]. Several real-time fMRI investigations demonstrated that healthy individuals and patients can attain specific control of cortical and subcortical areas involved in emotional processing \[[@B28-brainsci-10-00223],[@B29-brainsci-10-00223],[@B30-brainsci-10-00223],[@B31-brainsci-10-00223],[@B32-brainsci-10-00223],[@B33-brainsci-10-00223],[@B34-brainsci-10-00223],[@B35-brainsci-10-00223],[@B36-brainsci-10-00223],[@B37-brainsci-10-00223],[@B38-brainsci-10-00223],[@B39-brainsci-10-00223],[@B40-brainsci-10-00223],[@B41-brainsci-10-00223]\], including dopaminergic midbrain regions such as the VTA and SNG \[[@B42-brainsci-10-00223],[@B43-brainsci-10-00223],[@B44-brainsci-10-00223]\].

Here, I aimed to unveil the role of human midbrain, as well as of mesolimbic and mesocortical networks interactions in supporting core affect generation and regulation. To this purpose, data from two previous emotion regulation studies, where participants successfully regulated the AI activity with a combination of emotional strategies and real-time fMRI technique, were considered \[[@B28-brainsci-10-00223],[@B41-brainsci-10-00223]\]. In both studies participants were instructed to endogenously generate emotions by recalling and reactivating subjective physiological and experiential components of affective memory \[[@B6-brainsci-10-00223],[@B15-brainsci-10-00223],[@B45-brainsci-10-00223]\], and to modulate them on the basis of fMRI feedback information. Real-time fMRI feedback, covertly to the participants, represented the BOLD signal amplitude of the AI, an important node of the SN that mediates a subjective evaluation of emotional intensity \[[@B17-brainsci-10-00223],[@B46-brainsci-10-00223],[@B47-brainsci-10-00223]\]. This fMRI-guided regulatory process by combining top-down mental imagery strategies with bottom-up information of AI activation was expected to rely on core mechanisms of affect regulation that are here assumed to engage the midbrain activity.

2. Methods {#sec2-brainsci-10-00223}
==========

Seventeen right-handed participants from two previous studies \[[@B28-brainsci-10-00223],[@B41-brainsci-10-00223]\] (nine subjects from Caria et al. 2007 and eight subjects from Caria et al. 2010; nine women; mean age = 25.13, SD = 4.09) were included based on the MR field of view coverage encompassing the upper portion of the brainstem, and on the adoption of regulation strategies focusing on recalling of emotional memories. All participants had no history of neurological or psychiatric disorders including substance abuse/dependence and psychotropic medications. Both studies were approved by the local ethics committee of the University of Tübingen.

2.1. fMRI Data Acquisition {#sec2dot1-brainsci-10-00223}
--------------------------

All functional images were acquired using a 3.0 T MR Siemens scanner, with a 12 channels head coil (Siemens Magnetom Trio Tim, Siemens, Erlangen, Germany. During real-time fMRI-based emotion regulation, standard echo planar imaging (EPI) images consisting of sixteen axially oriented slices (voxel size = 3 × 3 × 5 mm^3^, slice gap = 1 mm) were acquired (repetition time TR = 1500 ms, matrix size = 64 × 64, FoV = 192 × 192 mm, TE = 30 ms). Considering that the primary respiratory-related component of the fMRI signal usually fluctuates at about 0.3 Hz, a TR equal to 1.5 s prevents aliasing of the first respiratory harmonics with a spectral signature of the typical BOLD effect \[[@B48-brainsci-10-00223]\]. Additionally, a gradient echo field map (TR 488 ms, TE 1 = 4.49 ms, TE 2 = 6.95 ms) and a T1-weighted MPRAGE structural scan (matrix size = 256 × 256, 160 partitions, 1 mm^3^ isotropic voxels, TR = 2300 ms, TE = 3.93 ms, TI = 1100 ms, α = 8°) were acquired from each participant to reduce geometric distortion due to magnetic field inhomogeneities \[[@B49-brainsci-10-00223]\]. In order to minimize head movements, two foam cushions were positioned around the participant's head.

2.2. Real-Time fMRI Analysis {#sec2dot2-brainsci-10-00223}
----------------------------

MR images were exported online from the MR console computer to a separate computer for real-time preprocessing and analysis with the Turbo brain voyager (Brain Innovation, Maastricht, The Netherlands). Online preprocessing included incremental 3D motion correction and drift correction. Incremental statistical data analysis was based on the recursive least squares general linear model (GLM). The selection of the target regions-of-interest (right AI, n = 9, from Caria et al. 2007 and left AI, n = 8, from Caria et al. 2010) was performed anatomically based on the high resolution T1 structural scan for the right AI and consisted of a rectangular area of 4 × 5 voxels on a single slice; anatomically and functionally, through a localizer session consisting of five alternating emotional recall and baseline blocks, for the left AI and consisted of a rectangular area of 5 × 5 voxels on a single slice. A similar reference region -of-interest consisting of a large background area not encompassing emotion-related areas and used to cancel out global effects and unspecific activations was considered in both studies. During training, the averaged BOLD signal in the AI normalized with respect to the reference region \[[@B28-brainsci-10-00223],[@B41-brainsci-10-00223]\] was calculated during *up emotion regulation* with respect to *down emotion regulation*, considering three consecutive TRs in order to reduce rapid signal fluctuations, and excluding the first ten volumes of each session to account for T1 equilibration effects. Participants were provided with online continuous fMRI information of the AI activity through a visual feedback consisting of a graduated thermometer displaying changes of BOLD response with increasing or decreasing number of bars updated every 1.5 s.

2.3. Experimental Protocol {#sec2dot3-brainsci-10-00223}
--------------------------

The real-time fMRI-based emotion regulation training consisted of emotion regulation blocks divided in four runs (16 blocks for n = 9; 20 blocks for n = 8) performed in one day. Each run consisted of *up emotion regulation* blocks (22.5 s n = 9; 30 s n = 8), cued with an arrow at the right side of the thermometer, alternating with *down emotion regulation* blocks (22.5 s n = 9; 30 s n = 8), cued with a cross hair at the right side of the thermometer. In both studies, participants were instructed that during *up- and down- regulation* blocks they had to modulate the intensity of recalled emotional memories and imagery of personally relevant affective episodes guided by increasing or decreasing the number of thermometer bars, that represented the level of brain activation in an unspecified region. Participants were informed that the feedback information, provided in the form of thermometer bars, was delayed for about 1.5 s due to online data analysis and physiological latency of the hemodynamic response. Participants were requested not to move during all the experimental conditions, and informed that physiological signals were monitored.

2.4. fMRI Analysis {#sec2dot4-brainsci-10-00223}
------------------

The fMRI data preprocessing and analysis were performed using SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) and MATLAB (The MathWorks, Inc., Natick, MA, US). For each participant, all functional images were first realigned to the mean image using least squares and a six parameter (translations and rotations in space) and including resampling using the second degree B-spline interpolation, then unwarped and corrected for geometric distortions using the fieldmap of each participant. The high-resolution T1 image was coregistered to the mean image of the EPI series using a rigid body model, estimated with mutual information. Segmentation parameters were used to normalize the functional images to the Montreal Neurological Institute (MNI) space. Lastly, normalized images were spatially smoothed with a 6 mm FWHM Gaussian kernel in order to balance effect size, spatial accuracy, and statistical significance estimated using Gaussian random fields \[[@B50-brainsci-10-00223],[@B51-brainsci-10-00223]\].

A fixed-effects general linear model (GLM) was used to perform the first-level statistical analysis. Hemodynamic response amplitudes were estimated using standard regressors, constructed by convolving a boxcar function, for up and down emotion regulation, with a canonical hemodynamic response function using standard SPM12 parameters. The time series in each voxel were high-pass filtered at 1/128 s to remove low frequency drifts. An autoregressive AR (1) model was employed to address autocorrelation in the time series. Contrast images of up emotion regulation versus down emotion regulation were created for each block and run. Movement parameters were also included in the GLM as covariates to account for head motion artifacts. The second-level random effects group analysis was performed by entering single subject contrast images into one sample *t*-tests. Whole brain statistical maps were thresholded at *p* \< 0.001 corrected at the cluster level for multiple comparison using a probabilistic threshold-free cluster enhancement (pTFCE) \[[@B52-brainsci-10-00223],[@B53-brainsci-10-00223]\], an approach that integrates cluster information into voxel-wise statistical inference so as to enhance detectability of the neuroimaging signal and to control for the Type I error. In order to increase the statistical power of fMRI analysis, considering the relatively limited sample size, hypothesis-driven regions-of-interest (ROIs) statistical analysis was first performed \[[@B54-brainsci-10-00223],[@B55-brainsci-10-00223]\]. Three independent ROIs were delineated, using the MarsBar toolbox (<http://marsbar.sourceforge.net>) \[[@B56-brainsci-10-00223],[@B57-brainsci-10-00223]\], in the bilateral VTA (two 6 mm radius spheres centered at ±4, −14, −10), in the bilateral SNG (two 6 mm radius spheres centered at ±8, −18, −4), and in the PGA (9 mm radius sphere centered at ±2, −30, −10). ROIs were defined based on cluster peaks of uniformity maps generated from an automated meta-analysis of studies (75 studies for VTA, 74 for SNG, and 80 for PGA) using Neurosynth (<https://www.neurosynth.org>), search terms were ventral tegmental, substantia, and periaqueductal, respectively). Involvement of ROIs during fMRI-guided emotion regulation was tested by assessing a single subject's average β-values for the contrast up \> down emotion regulation using the bootstrap analysis (1000 bootstrap samples, 95% bias corrected and accelerated confidence interval), as implemented in the SPSS statistics software (v. 24, IBM Corp. Armonk, NY, USA). In addition, the whole brain activity was also considered to assess the specificity of midbrain activation, that was estimated by calculating a selectivity index \[[@B55-brainsci-10-00223]\], that is the proportion of all voxels showing increased activity during emotion regulation. Finally, engagement of the frontoparietal control network (FPCN), known to play a main role in the cognitive control of emotion \[[@B18-brainsci-10-00223],[@B19-brainsci-10-00223],[@B20-brainsci-10-00223],[@B21-brainsci-10-00223],[@B22-brainsci-10-00223]\], was explored using a less stringent threshold (*p* \< 0.005 pTFCE corrected).

2.5. fMRI Connectivity Analysis {#sec2dot5-brainsci-10-00223}
-------------------------------

The spatiotemporal dynamic behavior of functional connectivity patterns involving the upper midbrain were explored during a short emotion regulation timescale. Although largely debated, the task-based modulation of functional connectivity has been shown to be cognitively meaningful and not artefactual \[[@B58-brainsci-10-00223],[@B59-brainsci-10-00223]\]. In fact, previous investigations demonstrated a robust association between functional connectivity states and ongoing cognition, permitting for instance accurate detection of mental states over a time window of tens of seconds \[[@B60-brainsci-10-00223],[@B61-brainsci-10-00223]\].

The functional connectivity analysis was then conducted by integrating multivariate and univariate approaches so as to enhance results reliability. First, the group-wise independent component analysis (group-ICA) aimed to detect the engagement of the midbrain region during real-time fMRI-guided emotion regulation. Second, seed-to-voxel connectivity maps assessed specific whole brain functional interactions of the midbrain. In addition, whole brain functional connectivity of the right AI, a region considered a dynamic hub for salient information processing \[[@B47-brainsci-10-00223]\], was also estimated.

Multivariate and univariate connectivity analyses were performed using the CONN functional connectivity toolbox (Release 18.a, <http://www.nitrc.org/projects/conn>) \[[@B62-brainsci-10-00223],[@B63-brainsci-10-00223]\]. Before computing the connectivity analysis, denoising was applied to reduce motion, physiological, and additional artefactual effect from the BOLD signal. Noise reduction was performed based on the available CompCor method that includes the principal components (five each) of WM and CSF time series as nuisance covariates; WM and CSF were identified via segmentation of the anatomical images with SPM12. The six head motion parameters derived from spatial motion correction were also added as confounds. Band-pass filtering with a frequency window of 0.008 to 0.09 Hz was applied.

2.6. Independent Component Analysis {#sec2dot6-brainsci-10-00223}
-----------------------------------

Preprocessed images were submitted to a subject-wise group-ICA to identify networks of highly functionally-connected areas. The CONN toolbox implementation uses Calhoun's group-level ICA approach \[[@B64-brainsci-10-00223]\] with variance normalization preconditioning, subject-level dimensionality reduction, subject/condition concatenation of BOLD signal data along temporal dimension, group-level dimensionality reduction (to the target number of dimensions/components), fastICA for estimation of independent spatial components, and GICA1 back-projection for individual subject-level spatial map estimation. The number of independent components estimated was 20 and the degree of subject-level dimensionality reduction (number of subject-specific SVD components retained when characterizing the voxel-to-voxel connectivity matrix for each subject/condition was 64. Reliability of the resulting independent components was based on a conservative group level statistical threshold set to *p* \< 0.001 voxel level FDR corrected.

2.7. Seed-to-Voxel Connectivity {#sec2dot7-brainsci-10-00223}
-------------------------------

A weighted GLM for weighted temporal correlation measures of the real-time fMRI-based emotion regulation-specific association between a *seed* BOLD time series and each voxel BOLD time series was considered. Seed-to-voxel connectivity maps were created for each participant. The *seeds* consisted of the activity within a 9 mm spherical region in the right upper *midbrain* (centered at 2, −30, −10) defined using Neurosynth (see the previous fMRI analysis section), and a predefined right AI node of the SN (47, 14, 0; available on the CONN toolbox), masked with an unthresholded subject-specific estimated gray matter mask. Bivariate-correlation analyses were used to determine the linear association of the BOLD time series between the two defined ROIs, separately and whole brain areas on each participant. Individual seed-to-voxel maps were then entered into a second-level analysis. Temporal correlations were analyzed separately for *up* and *down emotion regulation* runs. Significant correlations were assessed considering a threshold of *p* \< 0.001 cluster level corrected for multiple comparison using pTFCE \[[@B52-brainsci-10-00223],[@B53-brainsci-10-00223]\].

3. Results {#sec3-brainsci-10-00223}
==========

3.1. ROI Analysis {#sec3dot1-brainsci-10-00223}
-----------------

A significant increase during emotion regulation was observed in the PAG (β = 1.323 ±1.53SD, *p* = 0.003, confidence interval 0.65--2.05) and in the SNG (β = 0.813 ± 1.53 SD, *p* = 0.05, confidence interval 0.16--1.56) but not in the VTA (β = 0.673 ± 1.83 SD, *p* = 0.168). Additional β-values for the contrast up \> down emotion regulation in the midbrain, left and right AI, and FPCN are reported in [Figure 1](#brainsci-10-00223-f001){ref-type="fig"}.

3.2. Whole Brain Group Analysis {#sec3dot2-brainsci-10-00223}
-------------------------------

The sensitivity index calculation revealed that 10.95% of all voxels showed a significant increase during *up* \> *down emotion regulation* (*p* \< 0.001 cluster level corrected using pTFCE). The analysis of all *up* \> *down emotion regulation* runs showed brain activity in the left and right AI, in the right middle temporal gyrus, premotor cortex and SMA, midbrain (PAG/superior colliculus), caudate nucleus and thalamus ([Figure 2](#brainsci-10-00223-f002){ref-type="fig"} and [Table 1](#brainsci-10-00223-t001){ref-type="table"}). The analysis of *down \> up emotion regulation* runs did not show significant differences at *p* \< 0.001 pTFCE corrected. However, additional activated clusters in the prefrontal cortex (−21, 30, −10, *t* = 3.06) and in the parietal cortex (2, −29, 50, *t* = 3.00) were also observed at *p* \< 0.005 pTFCE corrected.

3.3. Functional Connectivity---ICA {#sec3dot3-brainsci-10-00223}
----------------------------------

The group-ICA analysis during *up emotion regulation* revealed two specific networks of highly functionally-connected clusters involving mesencephalic areas ([Figure 3](#brainsci-10-00223-f003){ref-type="fig"}). A first bilateral network consisted of mainly subcortical areas within the SN and included the upper midbrain, insular cortex, amygdala, hippocampus and parahippocampal gyrus, thalamus, and putamen ([Figure 3](#brainsci-10-00223-f003){ref-type="fig"}a). A second bilateral network consisting of several occipital, parietal, and temporal regions, many of them associated with semantic and episodic memory retrieval \[[@B67-brainsci-10-00223],[@B68-brainsci-10-00223],[@B69-brainsci-10-00223]\], included the lateral occipital cortex, fusiform area, superior parietal lobule, supramarginal gyrus, superior, middle and inferior temporal gyrus, precuneus, and upper midbrain ([Figure 3](#brainsci-10-00223-f003){ref-type="fig"}b). During *down emotion regulation* only one single network involved the midbrain, and similarly to that observed during *up emotion regulation* included subcortical areas of the salience network ([Figure 3](#brainsci-10-00223-f003){ref-type="fig"}c). Taken together, the group-ICA identified several functionally interconnected core areas of the extended salience network during real-time fMRI-guided emotion regulation.

3.4. Functional Connectivity---Seed-To-Voxel {#sec3dot4-brainsci-10-00223}
--------------------------------------------

During *up emotion regulation,* the midbrain showed a positive correlation mainly with the left and right anterior insular cortex and a bilateral pattern of subcortical regions including other upper mesencephalic regions, such as the VTA, SNG, thalamus and striatum, hippocampus and parahippocampal gyri, amygdalae, in addition to the left superior and middle temporal gyrus, posterior cingulate, premotor regions, SMA, and cerebellum ([Figure 4](#brainsci-10-00223-f004){ref-type="fig"}, first row); a negative correlation was observed with the inferior orbitofrontal cortex (BA11), medial prefrontal cortex (BA10), bilateral caudate and nucleus accumbens, and subgenual anterior cingulate cortex ([Figure 4](#brainsci-10-00223-f004){ref-type="fig"}, first row). The right AI showed a positive correlation with several regions including left AI, anterior and middle cingulate, the right thalamus, left and right putamen, the right midbrain (PAG), bilateral superior temporal gyrus, the premotor cortex and SMA, the right supramarginal gyrus, and right middle frontal gyrus (BA10) ([Figure 4](#brainsci-10-00223-f004){ref-type="fig"}, second row); a negative correlation was observed with the medial orbitofrontal cortex (BA11), medial prefrontal cortex (BA10), anterior cingulate, right angular gyrus, posterior cingulate, and precuneus ([Figure 4](#brainsci-10-00223-f004){ref-type="fig"}, second row).

During *down emotion regulation,* the midbrain showed a pattern of correlation and anticorrelation similar to that observed during up emotion regulation with reduced correlation (but not significant, up vs. down comparison) with the bilateral AI *(*[Figure 4](#brainsci-10-00223-f004){ref-type="fig"}, third row). The right AI also showed a pattern of correlation and anticorrelation similar to that observed during *up emotion regulation,* but no coupling with the midbrain was observed ([Figure 4](#brainsci-10-00223-f004){ref-type="fig"}, fourth row). A significantly larger positive correlation with the posterior cingulate cortex and dorsomedial prefrontal cortex was measured during up with respect to down emotion regulation.

4. Discussion {#sec4-brainsci-10-00223}
=============

The current study explored the role of the midbrain and its functional interactions within mesolimbic and mesocortical brain systems during emotion regulation. To this aim, the region of interest fMRI analysis and functional brain connectivity estimation was performed during AI-mediated self-regulation of endogenously-generated emotion. The ROI-based and whole brain analysis showed that emotion regulation guided by feedback of AI activity is mediated by the midbrain. Specifically, up regulation of emotion as compared to down regulation engaged important nodes of the SN mediating emotional generation and homeostasis such as the upper midbrain and AI \[[@B2-brainsci-10-00223],[@B15-brainsci-10-00223]\]. Down regulation of affective response with respect to up regulation was instead mainly associated with activity in the medial prefrontal cortex, posterior cingulate, and parietal cortex regions known to be engaged during retrieval of neutral autobiographical memories and self-referential thinking \[[@B70-brainsci-10-00223],[@B71-brainsci-10-00223],[@B72-brainsci-10-00223]\], mental processes indeed adopted by the participants during this condition.

No upper mesencephalic activity is typically reported in cognitive emotion regulation studies, but there exist some previous evidences indicating midbrain involvement during real-time fMRI-based emotion regulation training in healthy individuals and patients \[[@B73-brainsci-10-00223],[@B74-brainsci-10-00223],[@B75-brainsci-10-00223],[@B76-brainsci-10-00223]\]. For instance, in healthy individuals, up regulation of the right AI mediated by real-time fMRI feedback engaged midbrain activation \[[@B76-brainsci-10-00223]\], whereas learned down regulation of the amygdala was associated with increased connectivity between amygdala and midbrain during the regulatory phase \[[@B75-brainsci-10-00223]\]. Furthermore, midbrain activation was also observed in patients with depression during up regulation of emotion networks, that included the insula and lateral prefrontal areas \[[@B74-brainsci-10-00223]\].

The here observed activations during emotion regulation are also in line with studies showing the activity of midbrain and dorsal AI activations associated with core affective states generation, thalamus, and ventral AI with the contextual representation of recalled emotion, whereas premotor regions and SMA with the maintenance of the emotional states \[[@B6-brainsci-10-00223]\]. Engen et al. (2017) also showed that a positive valence of endogenously-generated emotion was specifically associated with the VTA/SNG complex, whereas a negative valence with PAG. In this study, differential activations within upper mesencephalic regions for emotion polarities was not possible as participants reported to have recalled both positive and negative emotional memories. On the other hand, the PAG activity might more generally signal increased intensity of emotional memories. In fact, the PAG, although traditionally associated with pain perception, fear, and defensive behavior \[[@B7-brainsci-10-00223]\], seems also involved in positive emotional responses \[[@B77-brainsci-10-00223],[@B78-brainsci-10-00223],[@B79-brainsci-10-00223],[@B80-brainsci-10-00223]\]. The activity of this region was observed during highly arousing states independently of emotion category \[[@B2-brainsci-10-00223]\] and it has been then proposed to mediate emotional arousal through its projections to other brainstem sites \[[@B7-brainsci-10-00223]\]. Conceivably, the PAG might support regulation of endogenously-induced emotions, and be relevant for both up and down emotion regulation.

The upper midbrain activation does not appear to be directly associated with feedback assessment, as in this study, it was measured comparing up and down emotion regulation conditions, both presenting feedback information. Accordingly, a previous study aiming to investigate brain activity related to feedback control and monitoring during real-time fMRI-based emotion regulation did not report midbrain activity \[[@B81-brainsci-10-00223]\]. In short, current results suggest that the midbrain might mediate core affective states generation and regulation.

Multivariate and univariate functional connectivity analyses also revealed extensive midbrain interactions with specific brain networks previously associated with self-induced emotion through recalling of emotionally salient autobiographical memories \[[@B6-brainsci-10-00223],[@B82-brainsci-10-00223],[@B83-brainsci-10-00223],[@B84-brainsci-10-00223],[@B85-brainsci-10-00223],[@B86-brainsci-10-00223],[@B87-brainsci-10-00223]\]. In particular, emotion regulation involved the SN, the default mode network (DMN), and the FPCN \[[@B88-brainsci-10-00223],[@B89-brainsci-10-00223],[@B90-brainsci-10-00223]\].

During increased emotional response, the upper midbrain positively correlated with the bilateral AI, with additional SN nodes of the mesencephalon, and with hippocampus, parahippocampal gyrus, thalamus, and basal ganglia; whereas a negative coupling was observed with ventromedial prefrontal regions. During the same condition, the right AI was positively coupled with several regions within the SN such as the left AI, amygdala, PAG, and SNG, and with thalamus; the anticorrelation was instead observed with the precuneus, medial, and dorsomedial prefrontal cortex. The reciprocal association between the midbrain and AI corroborates previous evidence of the involvement of these regions in modulating autonomic and emotional responses and their integration, possibly through descending projections from AI to the PAG \[[@B7-brainsci-10-00223],[@B91-brainsci-10-00223]\]. In turn, mesothalamocortical projections to AI have been suggested to support essential aspects of emotion-related regulatory processes such as interoception and emotional awareness \[[@B16-brainsci-10-00223],[@B92-brainsci-10-00223]\].

The analogous pattern of functional connectivity---that is a positive correlation of both midbrain and AI with other SN nodes and a negative correlation with frontal and parietal regions---was observed during both up and down regulation of emotion. However, the anticorrelation of both AI and midbrain with nodes of FPCN during up regulation resulted from reduced activity of the orbitofrontal cortex and medial prefrontal cortex concurrent to SN increased activation, whereas during decreased emotional response reduced SN activation was concurrent to increased FPCN involvement, as evidenced by the whole brain group analysis. This latter result is in line with previous studies showing top-down mechanisms actively contributing to the mitigation of affective states \[[@B22-brainsci-10-00223],[@B23-brainsci-10-00223],[@B93-brainsci-10-00223]\]. In fact, cognitive emotion regulation---both up and down regulation---is usually associated with increased activity of the prefrontal cortex \[[@B19-brainsci-10-00223],[@B94-brainsci-10-00223]\]. On the contrary, the anticorrelation between SN and FPCN during up emotion regulation suggests that different regulatory mechanisms with respect to typical emotion regulation tasks might support this process. In this case, up emotion regulation appears to be mainly operated at a lower level through tight interactions between the midbrain and AI, possibly mediating the assessment of interoceptive predictive signals \[[@B95-brainsci-10-00223],[@B96-brainsci-10-00223]\].

Additionally, SN activation corresponded to DMN deactivation, whereas Engen et al. (2017), in line with studies on internally-focused attention \[[@B97-brainsci-10-00223]\], observed a correlating activity between DMN and SN during increased intensity of the affective state. Here, the anticorrelation between SN and DMN might be related to the higher cognitive effort \[[@B89-brainsci-10-00223],[@B98-brainsci-10-00223]\] necessary for assessing real-time fMRI feedback information during both up and down emotion regulation.

In both up and down emotion regulation feedback of the AI activity, conveying information related to the actual emotional intensity level, permitted tracking (in)correctness of adopted regulation strategies, and thus represented a prediction error signal. Neurofunctional accounts of the AI, besides indicating its relevance for the assessment and integration of high level interoceptive inferences and physiological homeostatic signals \[[@B96-brainsci-10-00223]\], proposed its specific role in error-based learning of emotional states \[[@B99-brainsci-10-00223]\]. In this context, ascending dopaminergic prediction error signals \[[@B100-brainsci-10-00223],[@B101-brainsci-10-00223]\] would be highly relevant for emotion regulation \[[@B10-brainsci-10-00223]\]. The extensive dopaminergic innervations \[[@B102-brainsci-10-00223]\] and high density of D1 dopamine receptors of the agranular insular cortex \[[@B103-brainsci-10-00223]\] can support regulation of emotion through the analysis of primary and secondary mappings of interoceptive signals.

Furthermore, during both up and down emotion regulation, the AI and midbrain were positively coupled with the thalamus and striatum, areas that mediate reward-related brain signals during reinforcement learning \[[@B81-brainsci-10-00223],[@B104-brainsci-10-00223],[@B105-brainsci-10-00223],[@B106-brainsci-10-00223],[@B107-brainsci-10-00223],[@B108-brainsci-10-00223]\]. A previous meta-analysis of real-time fMRI-based investigations indicated the anterior insula, striatum, anterior cingulate cortex, and lateral prefrontal cortex as crucial areas for learned control \[[@B108-brainsci-10-00223]\]. Although their specific role in emotion regulation remained unclear, mainly because of the heterogeneity of the studies included, these regions partially overlap with those related to the cognitive control of emotion, indicating some common substrates for both cognitive and real-time fMRI-based approaches to emotion regulation.

Overall, the whole brain midbrain connectivity analysis showed differential patterns of interactions during up and down emotion regulation. In particular, during up regulation, the functional integration among SN nodes would possibly mediate the reactivation of interoceptive and peripheral body signals related to emotional response, whereas the dissociation between SN and FPCN/DMN might suggest a reduced top-down inhibitory mechanism facilitating a more intense emotional expression. On the other hand, the SN and FPCN/DMN anticorrelation during down regulation might permit appropriate control of the emotional response, supported by the integrated activity of SN nodes, through specific attentional- and monitoring-related processes. Ultimately, the feedback of AI, a hub mediating assessment and integration of top-down emotion- and learning-related predictive signals with bottom up visceral and somatosensory information, would play a major role in attaining successful regulation of emotion.

5. Limitations and Conclusions {#sec5-brainsci-10-00223}
==============================

The functional connectivity methods here adopted do not permit either estimation of the direct influence of a specific region over another one, also known as effective connectivity, or their potential modifications over time. Thus, several aspects related to the identified functional networks remained unclear. For instance, the nature of reciprocal connectivity between SN and FPCN, whether differential directional interactions characterize up and down regulation, and also the underlying dynamics of a nonstationary process \[[@B59-brainsci-10-00223],[@B109-brainsci-10-00223]\] such as emotion regulation.

A further limitation consists in the lack of additional peripheral physiological data or subjective evaluation of emotional intensity that might have complemented and corroborated the results. On the other hand, the observed modulation of neurophysiological activity in the AI concurrent to specific emotion-related mental strategies might be considered a good indicator of effective emotion generation and regulation.

In light of the current standard in neuroimaging, the sample size of this study appears relatively small. The adopted multimodal approach to data analysis, combining univariate and multivariate methods, aimed at increasing at best the statistical power and reliability of the results. Underpowered studies are often characterized by reduced sensitivity---correct true positives detection---and can result in a biased effect size estimation, however cluster-level inference appears less affected by the sample size and permits higher replicability \[[@B110-brainsci-10-00223]\]. Multiple comparisons correction based on the TFCE statistic has been shown to approximately double the sensitivity, but at the cost of increased spatial bias \[[@B111-brainsci-10-00223]\]. This might be particularly critical for accurate localization of BOLD activity within small mesencephalic areas, such as the PAG and VTA/SNG, and their functional subdivisions. Future fMRI studies aiming at investigating the role of the midbrain in emotion regulation would then substantially benefit from increased sample size and higher spatial resolution.

Despite these limitations, the present findings suggest that functional interactions within dopaminergic mesocorticolimbic systems might importantly contribute to emotion regulatory processes in humans. Finally, these results corroborate and extend previous investigations on emotion regulation based on real-time fMRI by indicating the efficacy of this approach in supporting modulation of self-generated affective states guided by the level of activation of core neural substrates of emotion.
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![SPM maps showing the whole brain and specific midbrain activity during *up emotion regulation* with respect to *down emotion regulation*. Activation maps are superimposed on a Ch2 template using the MRIcron software (version 2016) \[[@B66-brainsci-10-00223]\].](brainsci-10-00223-g002){#brainsci-10-00223-f002}

![Group-independent component analysis (ICA) showing highly functionally-connected networks involving mesencephalic areas during *up emotion regulation* (**a**,**b**) and during *down emotion regulation* (**c**).](brainsci-10-00223-g003){#brainsci-10-00223-f003}
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###### 

BOLD activations during all real-time fMRI-based emotion regulation runs. The statistical threshold was set at *p* \< 0.001 cluster level corrected using probabilistic threshold-free cluster enhancement (pTFCE).

  Up \> Down                            
  ------------ ------ ------------- --- -----------------------
  200          5.88   −8, 10, 65    L   SMA
  92           5.62   45, −66, 0    R   Middle temporal gyrus
  81           5.28   −37, 0, 50    L   Premotor cortex
  62           5.14   5, −26, −10   R   Midbrain
  39           5.03   18, −10, 25   R   Caudate nucleus
  77           4.98   42, 0, 50     R   Premotor cortex
  114          4.87   −37, 20, 0    L   Anterior insula
  107          4.70   42, 13, 5     R   Anterior insula
  47           4.19   2, −19, 5     R   Thalamus
